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Statement of Disclaimer
Since this project is a result of a class assignment, it has been graded and accepted as fulfillment
of the course requirements. Acceptance does not imply technical accuracy or reliability. Any use
of information in this report is done at the risk of the user. These risks may include catastrophic
failure of the device or infringement of patent or copyright laws. California Polytechnic State
University at San Luis Obispo and its staff cannot be held liable for any use or misuse of the
project.
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Abstract
This project created the heating system, cooling system, and control system for an environmental chamber
for a tensile test machine in the Cal Poly Composites Lab. This chamber allows for students to test material
properties under a variety of thermal conditions. This project was done in collaboration with a team working
on the structural aspect of the chamber. While consumer environmental chambers are on the market, they
often cost more than $50,000. Additionally, our chamber conforms to further size and weight constraints.
Because of this constraint, many conventional techniques and components used for these chambers are not
feasible for our project. Some alternatives that we researched included solid state, thermoelectric cooling
devices, known as Peltier devices, for cooling the chamber. We also decided to use aerogel for
insulation instead of ceramic which is the industry standard. The final design failed to meet criteria we set
for it, and we present multiple potential design alterations that could remedy this.
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1 Introduction
Dr. Elghandour approached us to design an environmental chamber for an existing tensile testing machine
in the Cal Poly composites lab. He needs to control the temperature of the environment chamber in order
to test the material properties of samples under different thermal conditions. Grad students such as Marius
Jatulis and Abdul Mohamed will use the environmental chamber to perform these tests.
Two teams will collaborate to create this chamber, the first is responsible for designing the structure of the
chamber, and the integration with the existing hardware. Our team is primarily responsible for the methods,
controls, and insulation involved with attaining and maintaining desired temperatures.
Our senior project team consists of four fourth year mechanical engineering students of various
backgrounds. Mitchell Carroll is a mechanical engineering student with a general concentration. He chose
this project because it is a problem that will require all aspects of the design process and has room for
creativity in the way that the solution is found. He also is very interested in controls so this will be a great
opportunity to learn and exercise skills related to that subject. During the past summer he designed the
control scheme for a quadcopter drone in his free time. Some of his hobbies include sailing, hiking, and
playing the guitar.
Cameron Ngai is studying mechanical engineering with a concentration in mechatronics and is considering
a minor in mathematics. As such, he finds the most satisfaction in developing mathematical models for
physical systems. He is primarily interested in control systems with some interest in thermodynamics. It is
for this reason that he is excited for the project at hand, as he imagines that the integration of controls with
thermodynamics will require interesting analytic methods. Less professionally, he enjoys hiking, skiing,
and playing piano, though he has no proficiency in the latter.
Trent Hamilton is concentrating in mechatronics and minoring in computer science. He has worked on a
controller for a dual axis solar tracker and helped design a microgrid system to be used for educational
purposes. He is excited to be involved with a project allowing him to further his experience with both
material selections as well as control systems design.
Jack Molitor is studying mechanical engineering with a general concentration. He chose this project because
it seems like a difficult problem that will be exceedingly challenging and involves thermodynamics and
heat transfer, two subjects he finds very interesting. He does not have any direct experience with controls
besides being in controls class and operating CNC machines, but is looking forward to using this as an
opportunity to improve his engineering capabilities. His hobbies include mountain biking, fishing, golfing,
and making music.
In this document, we present and justify the final design for the tensile environmental chamber, as well as
detail the progress of our verification prototype. First, we investigated the technical challenges and
precedented solutions involved with achieving our goals. To accomplish this, we divided our task into
subtasks to focus on cooling, heating, and controlling. We then investigated these subtasks by researching
both the methods employed by current designs solving similar problems and the methods themselves.
Throughout, we considered the possible issues related to integrating these subtasks together.
Next, we specified the objectives of our efforts. This involved clarifying the problem statements and
uncovering the potential users’ needs and wants. Using this information, we completed a house of quality
to identify objective specifications by which we will assess our future design decisions. This also allowed
us to consider the viability of current designs with respect to the criteria we set.
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With our objectives set, we broke down our task into subfunctions. We then generated multiple ideas for
each subfunction. After identifying the best of these ideas, we explored multiple combinations of the ideas
to generate solutions for our tasks. Using the criteria we set, we selected two solutions to proceed with
investigating.
Then, we develop our chosen design direction by describing the final design for each subsystem. We
outlined the necessary steps to manufacture each component in our system and the steps needed to assemble
the final product. Then, we outline the tests to be performed to verify that the design meets the specifications
outlined in the document.
Then, we began planning our future efforts using a Gantt chart. We first split up our projects into major
milestones: the scope of work, the preliminary design report, the critical design report, and the final design
report. Then, we considered the tasks required for each, as well as the time each task would take. This
resulted in a rough schedule of the entire year, which was kept updated as events occurred.
Once the design was finalized, we began to move into the manufacturing phase of the project. This involved
creating a bill of materials, engineering drawings, ordering parts, etc. before we were able to actually begin
assembly of the chamber. As the material began arriving, we began making the parts we decided to make
in house. This included the entire ducting system including the air flow switch, the Peltier-heat sink
assemblies, and various other parts. Working with the structures team, we integrated both of our systems,
making adjustments as necessary.

2 Background Research
2.1 Overview
To more efficiently approach conducting background research for this project, our team split the
knowledge base into five distinct categories, cooling, heating, insulation, controls, and patents. Each
member of our team took charge of at least one category. When researching cooling techniques, we
focused on a previous senior project which used lightweight thermoelectric cooling devices to draw heat
out of a portable refrigerator. A large portion of research was dedicated to the feasibility of
implementation of these devices. For the heating elements research was directed towards existing industry
devices. Most electric powered heating elements are well understood and widely available. Several
electric heating methods are described below. For insulation aerogel was extensively researched. A grad
student with who we work closely, Abdul Mohamed, is conducting research in this material so we have
decided to incorporate it in our design in order to help with these efforts. The responsibility of insulation
was originally a part of our scope, but as the project progressed, it made more sense for the structures
team to take on the insulation as it would be directly integrated into their system. The control scheme
research predominantly consists of a previous senior project that developed a controller that can be
adapted for our purposes.

2.2 Cooling
When considering cooling, we primarily focused on researching thermoelectric methods. Specifically, we
focused on Peltier devices. Peltier devices can use an electrical current to achieve a thermal gradient that
creates a hot and cold side of the device. To maintain this gradient, heat must be extracted from the cold
side and inserted into the hot side. The heat extracted from the cold side can be found in terms of the
current, I, the hot side temperature, !! , and the cold side temperature, !" :
)(!! − !" ) − 0.5/%& #
"" = $%&!" − (

(1)
2

), and /% are constants related to the specific material used. The total power required to
Here, $%, (
accomplish this heat flux is found:
(2)
0 = $%&(!! − !" ) + /%& #
From these equations [1], we could deduce that as the temperature gap increases, the heat flux
accomplished decreases and the power required increases. In conjunction with the available power, this
relationship constrains the temperature gap achievable. Compared with other methods, Peltiers cannot
accomplish large temperature gaps. To further increase the temperature gap, we can place the Peltiers in
series with the hot side of one mated with the cold side of the other [2].
In our design, the goal is a cool a chamber, so the achievable temperature is irrelevant if the hot side
attains a high temperature. For this convection is often applied to both sides of the device. Convection on
the hot side keeps the hot side temperature low, while convection on the cold side cools the chamber, as
in Figure 2.1. [3]

Figure 2.1: Convection across both ends of the Peltier
Different convective methods exist to accomplish different heat transfers and efficiencies. The method
that accomplishes the greatest heat transfer involves exchanging heat between the Peltier and water, then
pumping the water to a fan [4]. An additional advantage to this method is that it can distribute the water
throughout the chamber [5]. The drawback to this method is that it requires additional power consumption
for the pump. A less effective but more power efficient method involves conducting the heat through fins
that receive convection from a fan. Additional methods include passive air or water convection, neither of
which are effective [4]. These convective methods apply to other cooling methods and even heating
methods as well.
Some current environmental chambers use refrigeration cycles for cooling. These chambers tend to
accomplish lower temperature values. Such methods are suboptimal for efficiency and precision when
operating at temperatures higher than their lower temperature ranges [5]. Another method is liquid
nitrogen cooling, which can achieve low temperatures quickly, at the expense of difficult maintenance.
[6] A common use for liquid nitrogen cooling are cryotherapy chambers which plumb the liquid nitrogen
such that it enters the chamber in a gaseous state.

2.3 Heating
There are many different solutions for heating elements. To establish a baseline, a power output benchmark
of 400 watts was used to compare heating element capabilities and attributes. After significant research, we
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settled on four possible solutions, ceramic heating elements, sheathed tubular heating elements,
thermoelectric heating, and carbon nanotube (CNT) heating elements.
Ceramic heating elements have several advantages, the first being that they are widely commercially
available in many different sizes and watt densities. This will allow us to fit the heating elements in our
chamber with many options for configuration. The second advantage to ceramic heating is the property that
naturally limits the maximum temperature that they can reach. Ceramic heating elements naturally come to
an asymptote at a specific temperature when heating up and will not pass this even if more voltage is
applied. This could be helpful to prevent overheating and be a foolproof way to ensure the maximum
temperature of the chamber [7]. Watt densities must be taken into consideration when choosing a ceramic
heating element so that we do not overheat air [8].
Sheathed tubular heating elements are by far the most common type of heating element. These elements
are used in a range of home appliances from toaster ovens to coffee makers. Several other tensile test
environment chambers that are commercially available use these elements as their heat source [9]. These
elements have several advantages. The first is that they can be easily shaped into any form and can be
ordered in custom shapes. This would allow our team to fit an element of this nature into any space within
the chamber, allowing for many options for optimal configuration and placement. These types of heating
elements are also manufactured with many different options for power consumption and power densities
[10].
Thermoelectric heating consists of running a current through a Peltier device with a polarity opposite of
that of a cooling device. Since one of the main goals of our project is to maximize weight savings, a cooling
element that doubles as a heating element would be very efficient. One study references thermoelectric
heating for use in automotive climate control and states that these devices can achieve junction temperatures
of up to 80℃ at an input power of 40W [11]. There are not many studies that reference thermoelectric
heating using Peltier devices for high temperature heating, although since the operating principle of a Peltier
device is based on diodes, we assume that Peltier heating is similar to diode heating. In diode heating, a
previous senior project sates that certain diodes can achieve temperatures of up to 250℃ [12]. Testing must
be done to validate this research.
Carbon nanotube heating used radiation as the working principle. This means that the element itself does
get excessively hot, instead, energy is released in the form of electromagnetic radiation to heat only that
sample that the element is directed at [13]. CNT elements are manufactured by chemical vapor deposition
where a vapor deposits carbon nanotube material on a substrate and can yield very thin sheets of material.
This material can be very hard to source. However, John Crowley, an entrepreneur involved in a startup
which manufactures CNT heaters for personal use, has agreed to donate material for this heating element
to our project. [14]. This material has many advantages. it is very flexible so it can be used to cover almost
any surface. It is also very safe because the element does not get hot. Additionally, it has a very low weight,
which is a main goal of this project. We must consider further testing on a CNT sample to validate research
about power outputs, reliability, and safety.

2.4 Insulation
There are various quantities that are important to look at when analyzing thermal insulators. For an insulator
to be considered effective, the value of its thermal resistance should be maximized. Thermal resistance is
given by the equation: / =

$
%

where R is thermal resistance, d is the thickness of the insulating material,

and K is the value for thermal conductivity. [15] In order to maximize thermal resistance, it becomes clear
that we must either develop a thicker insulating layer or minimize the thermal conductivity. Thermal
4

conductivity is typically a well-documented specification when researching various insulation so this is
what we will be looking for in our research.
It is worth noting that the ideal insulator for preventing heat loss through conduction is a vacuum as there
is nothing to transfer the heat throughout the medium. This is the method that a lot of high-end water bottles
use to insulate, and it is very effective if done properly. [16] Unfortunately, this is not entirely practical for
our purposes as it requires much more time spent gaining knowledge on how to manufacture said vacuum,
and it is also much less sustainable, as any manufacturing defect or slight abuse through use could ruin the
vacuum effect entirely. We decided that the project would pursue other forms of insulation for the chamber.
Aerogel is a known producer of super-insulators and in the past have been known to be very expensive and
hard to obtain. This led aerogel insulators to only be used by organizations such as NASA or various
national laboratories. Nowadays, it is much more affordable and easier to obtain, making it a very viable
option for our insulation of choice. There is a wide selection of form factors to choose from when looking
through the Aerogel catalog, so finding one that will fulfill our needs will take some additional
investigation. Ideally, we would like to have the insulation work efficiently through a large range of
temperatures (0 to 210 degrees Celsius) and this may require two separate insulation types. Research has
led us to heavily consider the Airloy series of aerogel due to its very easy to use form factors while
maintaining very low thermal conductivity. [17] See A.1 in order to see the material properties of the
various Airloy products.

2.5 Controls
When considering controller hardware for our system, our research was focused on the potential sensors
and actuators mentioned in the previous sections. To gain some background on previous controls systems
used with thermoelectric device, we referenced a previous senior project that used Peltier devices to cool a
chamber. This system’s hardware used a NUCLEO-L452RE to implement the controller for the Peltier
devices [18].
Since most design decisions about firmware for controls will be made later in the process, we did not focus
heavily on researching this topic. However, we did reference a previous senior project that outlined the
control process well. This outline included use of a PID controller with integral windup prevention to reduce
overshoot and a Kalman filter to reject noise. [18]

2.6 Patents
The team identified a list of patents related to the project. Many of these patents, although not directly
related to environmental chambers, relate to mechanisms that may fit our design. The majority of the patents
detail systems that incorporate thermoelectric heat exchange systems to control the temperature inside a
chamber. The list, accompanied by a description of each patent, is included in Table Table 2.1.
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Table 2.1: List of Relevant Patents
Patent Number
US5188286A

Title
Heat Control Using Peltier
Elements in Series

US20020121094A1

Switch-mode bi-directional
thermoelectric control of
laser diode temperature

US8991194B2

Parallel thermoelectric heat
exchange systems

US20130291563A1

Two-phase heat exchanger
mounting

US10520230B2

Enhanced heat transport
systems for cooling
chambers and surfaces

US10458683B2

Systems and methods for
mitigating heat rejection
limitations of a
thermoelectric module

Description
The patent describes the use of Peltier devices
that respond to stresses caused by material
expansion due to heat. [19]
The patent describes a system for actively
heating and cooling an object using a Peltier
junction. The system is controlled by reversing
the polarity of DC current flow through the
Peltier junction to provide precise temperature
control. Furthermore, the described system uses a
switch mode power supply to increase the
efficiency of the system. [20]
This patent outlines the use of parallel
thermoelectric heat pumps to maintain a set point
temperature in a chamber. The system uses
several different control schemes based on the
temperature data and the desired performance
profile, allowing it to actuate multiple groups of
Thermoelectric Coolers.[21]
This patent details a system for controlling
multiple Thermoelectric Coolers to maintain a set
point temperature in a chamber. The
thermoelectric device is placed between an
evaporator and a condenser. The cold side of the
Thermoelectric Cooler condense a working fluid
within the chamber, while the hot side evaporates
the working fluid. Additionally, this patent
describes the mounting of the heat exchanger to
the wall of the chamber. [22]
This patent describes a system with
thermoelectric heat pumps used with the addition
of heat sinks and forced convection in the
chamber. The system is used to maintain and
cool a chamber to a setpoint temperature. The
described forced convection system is selectively
operated based on the input data. [5]
This patent describes a system of operating
thermoelectric modules in order to mitigate the
heat rejection limitations. This method uses
threshold temperatures on the surface of the
thermoelectric modules in order to determine the
amount of power to supply the thermocouples.
[23]

Many of the patents we discovered focused on the control method used in conjunction with the
thermoelectric devices. However, this was not the only insight that we gained from the patents. For example,
the US10520230B2 [5] patent suggests circulating liquid throughout the chamber to achieve homogeneity,
as in figure Figure 2.2.
6

Figure 2.2: Liquid distribution of heat throughout chamber

3 Objectives
3.1 Overview
To critically assess the quality and viability of our future design decisions, we must have a clear
understanding of the objectives of our project. Thus, we created a brief description of what we believe the
purpose of our project is. Then, we precisely illustrated the aspect of the project that we will be working
on. Using this information, we developed the measurable objectives that will guide our project moving
forward.

3.2 Problem Statement
Dr. Elghandour needs a lightweight, affordable environmental chamber that interfaces with the Lloyd
LD50 tensile test machine. This environmental chamber needs to receive user input to specify and quickly
achieve temperatures in a range from 0° to 210°C within a tolerance of ±1°C. This speed is necessary so
that multiple tests can be performed in a short period of time and the response of various materials to
thermal shock can be tested. This chamber must be controlled by an onboard control panel capable of
automatically adjusting heat and cooling rates based on user input. This project consists of two teams.
Our team will focus on heating methods, cooling methods, controlling methods, and insulation while the
other team will focus on the structures side of the project.

3.3 Boundary Diagram
Since our project is split into two teams, it is especially important that each team fully understands their
respective responsibilities. Our team will not be developing the structural aspect of the design. Therefore,
we will not be responsible for the physical integrity of the chamber nor will we concern ourselves with
the ability for the chamber to properly interface with the tensile tester. Instead, we will design the
controller, the insulation, the heating elements, the cooling elements, and the convective methods. We
illustrated examples of these mechanisms in the boundary diagram below.
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Figure 3.1: This figure shows a sketch of the boundary diagram for our product.

3.4 Stakeholder Needs
Dr. Elghandour and the grad students who will use the device constitute the stakeholders of our project.
For our project to be successful, it must satisfy the needs of these stakeholders. The stakeholders need the
environmental chamber to operate properly. This means environmental chamber must be capable of
accomplishing and precisely maintaining temperatures selected from a wide range of available
temperatures. Specifically, Dr. Elghandour specified that the range must be span at least from 0 °C to 210
°C and the tolerance must be at least within 1 °C. In addition, users must be able to specify the heating
and cooling rates that the chamber can accomplish.
The stakeholders also need the project to involve reasonable costs. The cost for manufacturing must be
within budget and preferably below the cost of current similar products. Additionally, the environmental
chamber must be feasibly operated without require significant cost for use.

3.5 Stakeholder Wants
Beyond needs, there are objectives for our project that would benefit the stakeholders. For example, Dr.
Elghandour would appreciate the ability to quickly heat or cool the chamber to thermally shock material
test specimens. If we are unable to accomplish thermal shock, it would still be beneficial to achieve high
heating and cooling rates to reduce the time of operation. Additionally, the stakeholders would benefit
from an intuitive interface that would allow them to easily specify the temperature and heat transfer rates.
The stakeholders would also appreciate the ability to access the control panel for maintenance.
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One of the grad students who is a stakeholder in this project, Abdul Mohamed, wishes to use this project
to study Aerogel insulation methods. Therefore, we should focus on the insulation of the thermal
chamber.

3.6 Quality Function Development
The quality function development process was completed largely with the aid of a house of quality
template. Through this template we identified the main customer requirements and rated them on a scale
of one to ten based on importance for each customer. We next developed specifications against which to
measure the success of our design. These were cross references with the customer requirements to
determine which specifications have correlations with the customer needs. We then determined which
specification are correlated with each other and with which bias. We then rated 4 consumer products
against these standards to determine which products could possibly meet our goals and how well.

3.7 High Risk Specification
We have determined one specification that is high risk. This is the maximum cooling rate. Based on the
data and research collected by a previous senior project, a Peltier device powered refrigeration unit can
take upwards of 60 minutes to reach the specified temperature. Our goal is to achieve a cooling rate of
15℃ per minute which is significantly faster than the previous senior project team was able to achieve.

3.8 Engineering Specifications Table
The engineering specifications and target values are shown in the table below. These were given letter
values corresponding to the estimated risk factor in terms of feasibility.
Table 3.1: Engineering specifications table
Spec. #

Specific Description

1
2

Weight
Max Temperature
Capability
Min Temperature
Capability
Temperature
Stability
Max Heating rate
Capacity
Heat Rate Accuracy
Max Cooling Rate
Cooling Rate
Accuracy
Steps Involved in
Use
Intuitive Interface
Accessible Control
Panel
Total Control System
Cost

3
4
5
6
7
8
9
10
11
12

Requirement or
target (units)
35 lbs.
210 ℃

Tolerance

Risk

Compliance

Min
Max

M
L

T
T, A

0℃

Min

M

T, A

±1℃

Max

M

T, A

15℃/min

Max

M

T, A

±2℃/min
15℃/min
±2℃/min

Max
Max
Max

M
H
M

T, A
T, A
T, A

10

Min

L

I

-

Max
Max

L
L

I
I

$2,530

Min

M

T, A
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•
•
•
•
•
•
•
•
•
•
•
•

The weight customer requirement refers to the overall self-contained weight of the chamber. We
are aiming to minimize this value.
The maximum temperature capability refers to the maximum achievable temperature inside the
chamber.
The minimum temperature capability refers to the minimum achievable temperature inside the
chamber.
Temperature stability refers to the chamber’s ability to maintain a specified temperature for a
given period of time.
Maximum heating rate refers to the highest possible rate of temperature increase inside the
chamber.
Heat rate accuracy refers to the deviation of the actual heating rate inside the chamber from the
specified value.
Maximum cooling rate refers to the maximum achievable cooling rate of the inside of the
chamber.
Cooling rate accuracy refers to the deviation of the actual cooling rate inside the chamber from
the specified value.
Steps involved in use refers to the total number of steps involved in the set up and operation of
the chamber.
Intuitive interface refers to the user friendliness of the operation interface.
Accessible control panel refers to the accessibility of the control panel and all of its functions for
the purpose of maintenance.
Total cost refers to the overall price of manufacture for the chamber. This value is shared between
both the structures group and the controls group and is subject to change upon the award of grants
and other sources of funding.

4 Concept Design
4.1 Overview
Our first step was to generate a basic concept design. To do this, we first created a paradigm of functional
decomposition by breaking the functions of our project into base functions. Then, we generated multiple
ideas for each base function. Using the specifications that we established, we filtered these ideas to find
the optimal solutions. Using these solutions to the base functions, we put together five configurations for
the total design. We then evaluated each of these configurations with our design specifications to identify
the optimal total solution. However, the solution that we evaluated employed a method that is not well
studied: carbon nanotube heating. Therefore, we will pursue both this solution and a similar solution with
a more conventional heating method.

4.2 Functional Decomposition
We decomposed our functions into the base functions of our system to help us define the boundaries of the
separate subsystems within our chamber. We started by dividing our task into three main functions:
controlling the internal temperature, interfacing with the user, and protecting the circuit board. We then
divided each of these categories into further subfunctions.
Controlling of the internal temperature involves heating the interior, cooling the interior, obtaining the state
of the interior, and integrating these efforts into a control scheme. Both heating and cooling the interior of
the chamber require the base functions of creating hot or cold temperatures and homogenizing these
temperatures throughout the interior. Similarly, when collecting data on the state of the interior, our system
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must affirm both the internal temperature and the degree of homogeneity of the temperature. Additionally,
since our system must respond in accordance with heating rates selected by the user, our system must also
collect data related to the heating rate. The organization of these efforts requires both a source of power and
a method for controlling the temperature. The method for controlling the temperature must minimize stray
heat loss, as well as organize the sensor data with the actuators to create a control scheme.
Interfacing with the user involves both a hardware and a software component. On the side of hardware, we
must consider what devices the user will use to interact with the environmental chamber. On the side of
software, we must consider what the user interface will look like for the user. This involves how the user
will communicate desired input through the interfacing device and how interfacing device will
communicate the state of the interior of the chamber.
Protecting the circuit board involves both protection from impact and protection from thermal abuse. Impact
arises when the test sample fails, and thermal abuse may occur if there is insufficient insulation between
the heated interior of the chamber and the circuit board. The results of this decomposition are in figure
Figure 4.1. We combined our decomposition with the structures team in appendix A.4.

Figure 4.1: Functional Decomposition Tree

4.2 Ideation
For each base function of our decomposition, we generated multiple possible solutions. The generated ideas
are in appendix A.5. As we filtered out the solutions that were completely infeasible, we noticed some
trends in the solutions that demonstrated redundancy within our choice base functions. For example,
thermocouples were the only feasible method of measuring temperature, and taking the time derivative of
the temperature was the only reasonable method for obtaining the internal heating rate. However, this does
not result from flaws in our paradigm of functional decomposition. Rather, it results from our failure to
imagine feasible solutions to measuring temperature besides thermocouples. Our idea generation process
identified multiple imaginative, alternative solutions, which aided in our understanding of the project.
11

Therefore, while we respect the established paradigm, for functional decomposition, we employed a slightly
different system for evaluating our ideas.
When evaluating ideas, we focused on eight categories: Attaining high temperatures, convecting the high
temperatures, attaining low temperature, convecting the low temperatures, circulating the air to aid
convection, rejecting waste heat, insulating, measuring the temperature, interfacing with the user, thermally
protecting the circuit board, physically protecting the circuit board, and controlling. We used these
categories to further filter our ideas, as in appendix A.5. Then, we constructed concepts for the entire system
by exploring combinations of these ideas, as in appendix A.6. These combinations accounted for the
compatibility of different solutions to each function.

4.3 Concept Sketches and Descriptions
After generating several ideas for each function, we created a morphological matrix in which ideas were
combined to make comprehensive concept designs. This matrix can be found in appendix A.7. In creating
the matrix, we combined ideas which work well together. For example, when creating a combination
involving CNT heating methods, we did not include a protective buffer with the insulation, as there are no
conductive heating elements that may cause the aerogel insulation to sinter. The various combinations are
described and sketched below.
Idea 1:
•
•
•
•
•
•
•
•
•

Conventional Sheathed Joule Heating
Liquid N2 and Peltiers
Heat sink with fins for cooling convection
Large fan with duct
Water cooling for rejecting waste heat
Aerogel only
Thermocouple array
LCD keypad and wi-fi to computer
Damped mountings w protective box for digital circuit board

The first idea uses conventional sheathed joule heaters to increase the internal temperature and uses Peltiers
and liquid nitrogen to decrease the internal temperature. For circulation, the back of the chamber has a large
fan that pushes air through ducts with the heating and cooling elements. These ducts release the heated or
cooled air back into the chamber through the sides. The liquid nitrogen is distributed into these ducts before
the heating elements. Heat sinks with fins grant the Peltiers greater convection, while the cylindrical heating
element is suspended in the center of the ducts to optimize the forced convection. The Peltiers include hot
sides that must be cooled. To do so, this idea pumps a fluid from the hot sides to a fan on the exterior of the
chamber. To measure the temperature in the chamber, this idea includes an array of thermocouples from
which the mean and standard deviation can be attained. The chamber is insulated with aerogel. However,
regions close to the heating elements may be too hot for the health of the aerogel. Therefore, additional
insulation is placed in these regions as needed. The circuit board that organizes these systems is secured
with damp mountings within a housing that is distant from the regions that are likely to be hotter. This
circuit board will communicate with either an LCD display and pin pad or with a computer over Bluetooth,
depending on the needs of the user.
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Figure 4.2: Our first full system idea
Idea 2:
•
•
•
•
•
•
•
•
•
•

Ceramic Heating
Heat sink with fans for heating convection
Peltiers for cooling
Heat sink with fans for cooling convection
Multiple fans with ducts for air circulation
Water cooling for rejecting waste heat
Aerogel with full protective buffer
Single thermocouple
LCD/keypad and wi-fi to mobile device
Foam padding with protective box for digital circuit board

The second configuration is simpler than the first. Instead of using conventional sheathed joule heating,
this idea uses ceramic plate heating. These plates are connected to heat sinks with fins similar to the
Peltiers. This idea does not use liquid nitrogen, instead relying entirely on the Peltiers. These Peltiers
reject heat by pumping fluid from the hot side of the Peltiers to a fan outside the chamber. The ducting
system is similar to the first idea; however, multiple fans drive the airflow instead of one large fan. For
simplicity of implementation, additional insulation universally buffers the aerogel with no consideration
for the expected temperatures of individual regions. The temperature is measured with only one
thermocouple located near the sample. The circuit board communicates with both an LCD display with
pin pad and a mobile app. This circuit board is secured between foam padding in a protective housing that
is distant from the heading elements.
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Figure 4.3: Our second full system idea
Idea 3:
•
•
•
•
•
•
•
•
•
•

Conventional Sheathed Joule heating
Heat sink with fans for heating convection
Peltiers
Heat sink with fans for cooling convection
Large fan with duct for air circulation
Water cooling for rejecting waste heat
Aerogel with selective buffer
Thermocouple on either side of sample
Cable to computer
Damped mountings with protective box for digital circuit board

Our third idea is a compromise between the sophistication of the first idea and the simplicity of the
second. It is heated and cooled by conventional sheaved joule heating and Peltiers respectively. Both exist
within the ducts and are attached to heat sinks with fins. One large fan drives the air flow in these ducts.
Heat is removed from the hot side of the Peltiers by the same means as the previous two ideas.
Temperature is measured as the average of two thermocouples on either side of the sample. Additional
insulation buffers aerogel insulation only as needed. The circuit board connects to a computer over USB
connection. This circuit board is kept from hot regions, secured by damped mounters, and protected
within a housing.
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Figure 4.4: Our third full system idea
Idea 4:
•
•
•
•
•
•
•
•
•
•

CNT heating element
Peltier and liquid N2 Cooling
Liquid cooling
Multiple fans with ducts
Pump water outside of glass
Aerogel only
Thermocouple array
Wi-fi to mobile device
CPU cooling of circuit board
Damped mountings with cantilever and box for digital circuit board

15

We intended our fourth idea to be experimental. Thus, rather than expect it to become the idea that we
would proceed with, we used it to challenge our perceptions of what was feasible and optimal. Thus, for
each process, the most extravagant solution was selected. For heating, the chamber uses carbon nanotubes.
These carbon nanotubes cover the interior of the chamber, directing radiation directly on the sample. Since
this radiation does not heat all the air, we need not concern ourselves with protecting the aerogel from high
temperatures, as they will not be exposed to high temperatures. To measure the temperature in the chamber,
this idea includes an array of thermocouples. This idea uses both nitrogen and Peltiers to cool the system.
Here, it is reasonable to convect the heat from the Peltiers by pumping fluid from the cold surface to fans,
as the ambient air is unlikely to exceed the boiling point of most fluids that we would use. These fans also
circulate the air in the ducts. To reject the waist heat from the hot side of the Peltiers, this idea pumps fluid
from the hot sides to a fan located outside the glass container. The circuit board is cooled by a similar
process. For mechanical protection, the circuit board is secured to the end of a short cantilever with damped
mountings, both of which reject vibrations. This circuit board system is contained within a housing. To
interface with the user, the circuit board will connect over Bluetooth to a mobile app.

Figure 4.5: Our fourth full system idea

Idea 5:
•
•
•
•
•
•
•
•
•

CNT heating
Liquid N2 and Peltiers
Heat sink with fins for cooling convection
Large fan with duct
Water cooling for rejecting waste heat
Aerogel only
Thermocouple array
LCD keypad and wi-fi to computer
Damped mountings w protective box for digital circuit board
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Our fifth idea employs carbon nanotube heating but is more feasible than the fourth idea. It is almost
identical to our first idea, but with carbon nanotube heating replacing conventional joule, heating.
However, since the carbon nanotubes do not heat the air, there is no need for additional insulation beyond
the aerogel. All other features remain the same as the first configuration.

Figure 4.6: Our fifth full system idea

4.4 Selected Design
Upon arriving at our five concept designs, we used a weighted decision matrix to determine which design
we would like to continue with. This decision matrix can be found in A.7. The various specifications as
well as the weighting of each came from the QFD. Upon completing the weighted decision matrix, we
arrived at the conclusion that concept design number 5 is the most desirable for our purposes. The CNT
heating method will allow us to accurately and quickly arrive at a desired temperature, the liquid nitrogen
cooling method along with Peltiers for temperature stabilization will allow us to achieve cooling rates that
would be impossible otherwise, and the lack of any very heavy components will allow us to keep the weight
of the entire system down. There is still testing that needs to be done with carbon nanotube heating elements
to ensure they are feasible and are providing the heating characteristics which we desire, however if this
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heating method does not work, it will be an easy switch to a conventional sheathed joule heating element.
For detailed drawings, see appendix A.9.

4.5 Concept models
4.5.1 Concept Prototype
To visualize our selected design, we first created a prototype using easily workable materials. This is a
low-resolution prototype, but it is constructed to scale and demonstrates several of the most critical
systems of our design.
Figure Figure 4.7 shows the concept prototype’s critical functions. These include the carbon nanotube
heating elements, the fan positioned at the bottom of the chamber that serves as the outlet from the
chamber to the duct system, the inlet to the chamber from the duct system shown at the top of the
chamber, and the ducts themselves shown as white carboard sections fixed to the outside of the chamber.

Inlet to chamber

Carbon nanotube heating element

Outlet from chamber to fan

Figure 4.7: This figure shows the system view of the concept prototype
Figure Figure 4.8 shows the duct system running from the fan at the bottom of the chamber to the inlets at
the top of the chamber. The protrusion at the rear of the duct system houses the fan and Peltiers. The
vertical portion of the duct system is where joule heating elements could be housed if carbon nanotube
elements do not work out.
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Inlet to chamber

Potential placement of joule heating
elements
Peltier and fan housing

Figure 4.8: This figure shows the duct system for the chamber

Figure Figure 4.9 shows the buffer that is placed behind excessively hot elements in the duct system if the
joule heating elements are used. The outer layer of wood represents the outer layer of the chamber inside
which aerogel will be placed for the main body of insulation. As shown and indicated by the arrow, a
layer of another insulative material will be placed behind the heating components to protect the fiberglass
and aerogel outer shell.

Insulation buffer layer

Figure 4.9: This figure highlights the insulative buffer on select regions.
By constructing this concept prototype, we came to understand the actual scale of the inside of the
chamber. Upon completing the construction according to the dimensions provided by the structures team,
we decided that the tall and skinny nature of the chamber favors a ducting system that runs from the
bottom of the chamber to the top. This contrasts our original design, which kept the ducting system in
plane. This prototype fulfills the goal of demonstrating the full critical system integration for this project,
demonstrating the most critical physical aspects of the design.
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4.5.2 Concept CAD
In order to fully understand how the components involved in our design mesh with each other and the
design of the structure of the chamber, we created a concept CAD model, as in figure Figure 4.10.

Inlet to chamber
Potential joule heating element
location
Fan and Peltier housing

Duct system
CNT heating element

Outlet from chamber to fan

Figure 4.10: This figure shows the concept CAD model for the system.
The CAD model is show in an exploded view to highlight the function of the design. The thermal
components are housed in between the walls of the chamber. As shown above, the components are fixed
to the interior box, which fits within the insulated exterior box.

4.6 Preliminary Analyses
4.6.1 Convection Heating and Cooling
To confirm the feasibility of the joule heating elements and the Peltier devices for cooling, we constructed
a simple, conservative model of the subsystem. In one such model, presented in appendix A.11.1, we
identified the maximum and minimum heat generation required by our actuators. These heat generations
were about 100 W to –20 W respectively. Fortunately, 100 W is feasible for most heating methods.
However, the 20 W cooling will be difficult if we only use Peltiers. The literature on Peltier refrigerators
suggests that, when using the same convection methods that we plan to employ, they can output 50 W
maximum and have a maximum temperature gap of 20 °C [1]. We do not feel confident that we will be able
to replicate these results.
Nonetheless, liquid nitrogen can handle these cooling rates comfortably. When only considering the effects
of heat of fusion, we will only need a flow rate of 0.015 gal/min to accomplish 20 W of cooling. These
calculations were performed in A.10.1.

4.6.2 Radiation Heating
Carbon nanotube heating elements function primarily on radiation to heat the sample. Because of this
working principle, a new model must be constructed in order to obtain accurate values for energy inputs.
This model started with an energy balance on the sample. The energy inputs to the sample include the
radiation from the heating element, and the radiation from the surroundings at room temperature. The
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energy outputs are as follows: Conduction through the clamps, although these can be neglected if sample
length is sufficiently large, natural convection from the sample to the surrounding air at room temperature,
and radiation off the sample to the surroundings. From this energy balance, a characteristic equation is
generated. A starting value for energy input is assumed and the characteristic equation is used in the finite
difference method to determine the transient response for the temperature of the sample. The initial guess
is iterated until the ramp rate and maximum temperature goals are met. The results are shown in the table
and plots below. For detailed calculations, see appendix A.10.2

Table 4.1: This table shows the solution values for the transient analysis of the CNT heating element.

Energy input
(W)

Maximum
temperature (°C)

Time to achieve
max temp (s)

Minimum ramp
rate (°C/min)

75

315

98

77

Figure 4.11: Plots of the transient response for the carbon nanotube heating element and the temperature
ramp rate vs the sample temperature.

In order to verify the assumption that the effect of the clamps can be neglected, a finite element model was
constructed. This was constructed first without the clamps to ensure that the solutions match under the same
boundary conditions.
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Figure 4.12: FEA results to validate model
The simulation yielded an average temperature of 306 °C which matches the results from preliminary
hand calculations. Note the scale for the colors in the figure above. The blue section is only 2 degrees less
than the red. We then moved on to model the system without the lumped capacitance assumption.

Figure 4.13: FEA results without the lumped capacitance assumption.
Modeling the sample without the lumped capacitance assumption increased the maximum temperature
achieved by the sample. This is because the low thermal conductivity of carbon fiber impedes the spread
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of heat from the heated section of the sample to the tabs which are unheated. The system was then
modeled with the clamps considered to investigate the effect on the sample.

Figure 4.14: FEA model for the sample with clamps considered.
The results of this simulation show that the maximum temperature achieved by the sample was only
decreased by 2 degree Celsius. This difference is safe to consider negligible.

4.6.3 Control Scheme
Our control scheme will not vary significantly from the control scheme presented in the previous senior
project that we examined [18]. This control scheme involves a PID controller with integral anti-windup
gain and a Kalman filter. However, our specific application will require variation between cooling and
heating mechanisms. Therefore, we prepared a rudimentary simulation to demonstrate the switch between
the two mechanisms, as in figure Figure 4.15 below. We have not yet developed full models of the heating
or cooling process, so this simulation cannot be used to demonstrate any behavior besides the ability to
switch between systems. Because of this fact, we did not incorporate the integral anti-windup gain or filter,
both of which we intend to use. Fortunately, these methods are well studied in the previous senior project
referenced [18].
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Figure 4.15: Our first rudimentary control scheme
Since we do not have a model at this stage, we put arbitrary parameters into our model. However, our
cooling and heating parameters were asymmetric to test the concept of switching. This resulted in a bump
in the simulation, which resulted from the responses of each controller model having different predictions
of where the state is. This bump is observable in figure Figure 4.16 below.

Figure 4.16: Flawed simulation of first rudimentary control scheme
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To avoid this, we overrode the result of the inactive controller model with the result of the active
controller model, as in figure Figure 4.17.

Figure 4.17: Fixed rudimentary control scheme
This resulted in a more desirable simulation, as in figure Figure 4.18.

Figure 4.18: Fixed simulation of first rudimentary control scheme

4.6.4 PCB Preliminary Design
A printed circuit board was designed in order perform initial analysis on the insulative materials and the
heating and cooling elements under consideration. Depicted in figure Figure 4.19, the PCB includes three
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thermocouple amplifiers and a terminal meant to operate a relay for the heating or cooling element. A
schematic layout of the board is included in appendix A.12. This board will be used with an ESP32
prototyping board, which includes Wi-Fi and Bluetooth radios. This feature will be used to help develop
and inform the user interface in our design. The board’s Wi-Fi module can be used to host a web server
that can be accessed from a personal device, such as a laptop or a mobile phone. The board will assist our
analysis of the individual components of our system, as well as inform future iterations of our controller
design.

Figure 4.19: PCB Layout

4.7 Risks
There are several risks associated with this project which must be addressed. The system will be using an
outlet of some sort in order to power all the respective components. This introduces a voltage source which
is greater than 40V. In order to mitigate the risk of electrical shock, we will ensure that all electrical
components, wire connections, and other electrical hazards will be contained appropriately. Throughout the
manufacturing process, there are several hazards that we may be exposed to. We will ensure our health is
not at risk by using the proper protective equipment. This may include using respirators when working with
fiberglass and using heavy duty gloves when working with liquid nitrogen. The thermal chamber will create
extreme temperatures during its use. In order to reduce the risk of user injury, the door on the chamber will
always be closed during use and will only be opened to set, remove, inspect, or change sample. Finally, we
want to ensure the proper use of the device when it is completed. This will entail creating a detailed user’s
manual which will explain all necessary safety precautions. Additionally, we will not want anyone
unqualified using the device, so we will include security measures such as passwords to operate the device.
Refer to appendix A.8 to see our design hazards checklist.

4.8 Possible Challenges
Going forward, we will be faced with several challenges given that our design choices include a not very
well studied technology, CNT heating, and liquid nitrogen, a fluid which will be difficult to work with.
Fortunately, we will have access to a CNT heating element in the near future in order to test if CNT
heating will offer the desired heating characteristics. Additionally, we have made design decisions that
would allow for easy switching out of heating elements from CNT heating to conventional joule heating.
Liquid nitrogen poses a challenge as it will require implementing a ventilation system that allows the
excess nitrogen to escape the chamber. Additionally, determining the components that can handle such
low temperatures may prove to be a challenge. With the addition of liquid nitrogen, we are forced to
control three separate entities (liquid nitrogen, Peltiers, and a heating element). This will complicate the
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control scheme, but we are confident we will be able to achieve desired specifications using this
configuration.

4.9 Design Changes
Currently, the air ventilation forces the same air to pass through both the heating and the cooling
elements. This may delay the heating or cooling processes. For example, when cooling, the cold air must
cool down the heating elements. We could resolve this by separating the elements. One possible means of
accomplishing this is by having two separate ventilation systems, each with their own respective fans as
in figure Figure 4.20.

Figure 4.20: Separate fan solution
Another possible means for separating the heating and cooling elements is splitting the ducts on either
side, and using a servo, or mechanical means to actuate a door which closes off one duct path, as in figure
Figure 4.21.
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Figure 4.21: One fan solution. On the left the design uses a servo. On the right, the design requires
manual adjustment

5 Final Design
Figure Figure 5.1 shows the final design of our primary system, which exists between the inner and outer
walls of the environment chamber. This system includes heating, cooling, heat rejecting, and circulating
subsystems.

Figure 5.1: Total ducting system
In addition to the components shown in Figure 5.1, our design includes multiple electrical components.
Figure Figure 5.2 shows the housing of these components.
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Figure 5.2: Electrical component housing
Together with software, these subsystems make up our design.

5.1 Heating
Due to feasibility concerns, we removed CNT heating from our design. Thus, our design heats the
chamber with only conventional joule heating. Specifically, the design uses two 100W strip heaters
placed against a finned heat sink. Figure Figure 5.3 shows the placement of these heating elements in the
ducts, as well as how they are oriented.

Figure 5.3: Heater placement and assembly
The calculations in appendix A.11.1 suggest that under a conservative estimate, the wattage provided by
the two strip heaters is acceptable with a factor of safety of 2. Though the strips have the potential to
provide the necessary heat load, the amount of heat that enters the chamber is dependent on the
convection that the system offers. This convection is dependent on both the temperatures that the strip
heaters can attain and the flowrate of air through the ducts. Through testing, we found that when a strip
heater is set on the ground and exposed to room temperature, it can reach a maximum steady state
temperature of 310 ͦC. The calculations in appendix A.11.3 suggest that when the strip heaters are at this
maximum temperature, the air flowrate must be 0.014 m3/s to accomplish the necessary heat load.
However, the true maximum temperature of the strip heater will be greater than the maximum
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temperature we identified with our test. We tested the strip heater without insulation which when added
will allow the heating element to reach much higher vaues. Therefore, the actual required air flowrate
may be less than 0.014 m3/s. A fan of similar size to the blower that we are using can achieve 0.047 m3/s.
[24] Therefore, we anticipate that our fan will be capable of achieving the necessary flowrate.

5.2 Cooling
Analogous to our treatment of heating, we removed liquid nitrogen to improve feasibility and cost. Thus,
the design only uses Peltiers for cooling. The Peltiers we selected for the design possess the behavior
plotted in figure Figure 5.4.

Figure 5.4: Peltier behavior
Our design employs three of these Peltiers aligned in series and wired in parallel. Figure Figure 5.5 shows
the alignment of the Peltiers in the ducts.

Figure 5.5: Peltier alignment
With a supply voltage of 12 V and a required heat load of 20 W (as in appendix A.11.1), figure Figure 5.4
suggests that a single Peltier would achieve a cold side temperature of -28 ͦC. Using the calculation
techniques employed in appendix A.11.3, we found that with such a cold side temperature, the required
air flow rate would be 0.007 m3/s. Since this is much smaller than the flow rate required for the heating
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system, this calculation implies that one Peltier would be sufficient to reach our criteria. However, the
result of a previous senior project suggests that similar Peltiers under similar contexts are unable to
quickly cool down spaces [18]. The behavior in figure Figure 5.4 assumes that the hot side of the Peltier’s
are 27 ͦC. It is difficult to verify whether this will be the case for our design, and the result of the previous
senior project suggests that it may not. Therefore, we will currently design the cooling system to use three
Peltiers, noting that if fewer are required, we can remove Peltiers to decrease weight with no auxiliary
impact on our design.

5.3 Heat Rejection
To reject the heat generated by the Peltiers and decrease the temperatures of the Peltiers’ hot sides, our
design employs a very similar system to those used in custom built personal computers to cool the CPU.
This system includes water blocks, fans, radiator, pump, reservoir, hose. Thermal epoxy holds the water
blocks, Peltiers, and heat sinks together. Then, brackets mount this subassembly onto the chamber. The
brackets have bolts that will run through the inner chamber to keep it secured. Figure Figure 5.6
demonstrates this setup.

Figure 5.6: Peltier bracket setup
The pumps push cooling liquid through the water blocks, which transfer thermal energy from the Peltiers
to the liquid. The liquid then flows through the radiator, which is used to transfer the excess heat to the
ambient environment. The radiator must exist exterior to the chamber. However, we must still determine
the exact radiator location in conjunction with the structures team.

5.4 Circulation
We designed our ducting system to alternate between allowing air to flow through the cooling and heating
elements. This is accomplished at the back of the chamber directly above the fanning system. Here, a
servo switches the angle of a metal switch plate to redirect the flow to one side of the ducting system.
Each side contains either the heating or the cooling elements. This switching mechanism can be seen in
figure Figure 5.7 below.
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Figure 5.7: Air flow switching mechanism
To optimize airflow for the geometry of our ducts, the design uses a centrifugal blower fan instead of a
more conventional axial fan, which would fail to direct airflow directly into the inlet of the ducts.
Additionally, since the temperature within the chamber will be high, the design uses a convection oven
motor to power the fan. The operating temperatures of these fans are within the ranges for our design.
Figure Figure 5.8 shows the assembly of this setup.

Figure 5.8: Fan and motor assembly

5.5 Controller
Our design uses an ESP32 microcontroller. We chose this microcontroller for the added Bluetooth and
Wi-Fi functionality. This Wi-Fi functionality will host a web server to communicate the state of the
chamber to the user. Figure Figure 5.9 demonstrates a sample webpage.
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Figure 5.9: GUI Display for Tensile Environmental Chamber
As shown above, the webpage displays both the chamber’s internal state in real-time, as well as a graph of
the chamber temperature throughout the completed trial. Additionally, the user can input their desired
heating rate and setpoint temperature.
The ESP32 microcontroller connects to a printed circuit board. These components include amplifiers for
the thermocouples and drivers for the actuators. The code for the microcontroller will be written in C++.
Many libraries exist that can be implemented in our code.

5.6 Wiring
Many of the components in our design require different power sources to function. Therefore, the
electronic connections are a crucial component of the design. The heat strip and the fan motor both
require 120 Vac to operate. However, the microcontroller operates at 12 Vdc. This DC voltage receives
power from dc power supply, which takes power from the 120 Vac outlet used. Rather than directly
controlling these elements, the microcontroller controls relays that take power directly from the 120 Vac
outlet used using pulse width modulation. We have verified this method by testing it on our strip heaters.
Figure Figure 5.10 shows the achievability of various voltages and their effects on the steady state
temperatures of our heaters.
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Figure 5.10: Strip heater control using PWM
Meanwhile, the Peltier’s and thermocouples require 12 Vdc to operate. Therefore, the microcontroller can
directly control these elements. Figure Figure 5.11 overviews the circuitry.

Figure 5.11: Wiring Diagram
These electrical components reside within the electrical housing box, which has holes for wires to enter
and leave the chamber. Figure Figure 5.12 shows the locations of these holes.
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Figure 5.12: Wire holes in the electrical housing box

5.7 Insulation
The design uses a corrugated fiberglass assembly that has aerogel strips inserted into the fiberglass
corrugations. This will offer the insulative characteristics we require while still providing some structural
integrity. The structures team has been working on implementing this into their design. We will be
working with the structures team closely to ensure this is implemented properly.

5.8 Safety, Maintenance, and Repair Considerations
Because the thermal chamber will be used by students and faculty at Cal Poly, safety is a top priority for
our project. To fully analyze the safety of the system, we performed a failure modes and effects analysis
(FMEA), included in appendix A.13. In this process, we defined failures for each of our system’s
functions. For each potential failure, we planned detection and prevention activities before assessing the
relative severity, occurrence, and detection.
The potential failure mode that is most concerning to our team is a failure in the chamber’s insulation
system, preventing the chamber from reaching the setpoint temperature. This failure would prevent the
user from completing their trial at the desired temperature, as well as potentially heating the outside of the
chamber to unsafe temperatures. We identified potential causes of this failure to include insufficient
insulation or insulation that has been exposed to temperatures outside of its operating range. The detection
of this failure relies on checking the temperature of the outside of the chamber to verify that there is not
excessive heat exiting the system.
To ensure user safety while operating the environmental chamber, regular inspection of the visible
components and connections is recommended. Based on the design hazards discussed in appendix A.10,
important components to inspect include any electrical connections, as well as the Peltier cooling system
on the outside of the chamber. If a problem is identified, the chamber should not be used, and the
damaged components should undergo maintenance. The ducting system is screwed onto the inner
chamber, so this can be disassembled in order to repair the heating and cooling elements inside the
chamber.
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5.9 Summary Cost Analysis
The indexed bill of materials in appendix A.14 contains a full cost analysis of our project. Table Table 5.1
summarizes this analysis by providing a breakdown of the budget for each subsystem.
Table 5.1: Simplified Budget by Subsystem
Subsystem
Heating
Cooling
Air Circulation
Insulation
Controller/Electronics
Heat Rejection
Sheet Metal
Total Cost

Cost
$150
$200
$50
$700
$350
$300
$150
$1900

These subsystems include heaters, coolers, heat rejection from the hot side of the coolers, air circulation,
insulation, and electronics. The strip heaters and related heat sinks cost about $150 dollars in total.
The Peltier coolers and related heat sinks cost about $200 dollars in total. The heat
rejection system consists of reappropriated computer cooling devices and will cost about $300 in
total. The air circulation system consists of sheet metal ducts, a blower to circulate air, and a servo
switch to reroute air depending on if the system is cooling or heating. Neglecting sheet metal costs, this
will cost about $50. The aerogel and fiber glass insulation will cost about $700. The electronics include
wires, relays, power converters, thermocouples, the microcontroller, the circuit board, and housing. These
will cost about $350 in total.

6 Manufacturing
The internal and external housing will be constructed by the structures team. Therefore, our design only
requires us to manufacture the ducting and the circuitry. The following manufacturing plans outline the
steps to manufacture the ducting system and controller of the environmental chamber. The necessary
materials are described in the indented bill of materials included in appendix A.14.

6.1 Part Procurement
The parts used in the manufacturing process are as tabled below:
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Table 6.1: Part Procurement
Vendor
Mcmaster Carr

Description of items
purchased
Nuts and Bolts

Qty
1
1

Amazon

Artshu Solid 2 PCS State Relay

Amazon

Control Transformer 40VA,

Amazon

OCSParts 400 Light Bulb, 28 Volts,
0.1 Amp (Pack of 10)

Amazon

Nxtop Silver Tone Aluminium
Radiator Heatsink Heat Sink

2

Amazon

Waterproof K Type
Thermocouple

1

Amazon

S16296000 For Broan NuTone
Metal Blower Wheel 16296000

1

Amazon

DG31-00005A Convection Fan
Motor Replacement Part

1

Amazon

Adafruit Universal Thermocouple
Amplifier MAX31856 Breakout

1

18-8 Stainless Steel Button Head
Hex Drive Screw
Steel Locknut with ExternalTooth Lock Washer

1

McMaster Carr
McMaster Carr

1

1

1
2

Grainger

Mica Insulated Strip Heater,

Grainger

Powdered Metal Bronze Sleeve
Bearing

1

McMaster-Carr

Easy-to-Weld 4130 Alloy Steel
Round Tube

1

Mouser

Laird Thermal Systems 66100-501

1

Modmymods

Alphacool NexXxoS XP³ Light Acetal - Intel/AMD (12153)

3

Modmymods

Laing DDC-Pump 12V DDC-1T Plus
(6500043)

1

Alphacool Cape Corp Coolplex Pro
Reservoir - 10 LT (15718)
ModMyMods 3/8" ID x 1/2" OD
Flexible PVC Tubing
Darkside Triple LP360 Extra Slim
Radiator (DS-0378)

1

Modmymods
Modmymods
Modmymods

7
1

Transaction amount
$7.50
$16.99
$21.99

$6.99
$14.59
$10.98
$25.00
$16.99
$18.74
$4.45
$3.05
$59.00
$1.98
$6.63
$206.55
$119.25
$65.00
$22.75
$3.08
$6.99
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Vendor

Description of items
purchased

Qty

Alphacool HF G1/4" to 10mm OD
Barb Fitting for Soft Tubing,
Chrome
Alphacool G1/4" to 10mm (3/8")
Barb Fitting for Soft Tubing, 90°
Rotary, Chrome

10

Modmymods

Phobya 1/2" (13-14.3mm)
Hexagonal Socket Hose Clamp

20

Modmymods

Aquacomputer Double Protect
Ultra - Blue 1000ml (53114)

2

Titan Rig

be quiet! Pure Wings 2 Fan,
120mm

3

Digikey

THERMALLY CONDUCTIVE EPOXY

Titan Rig

Titan Rig

Amazon
Amazon
Amazon
Amazon
Amazon

10

1

J-B Weld 31314 High
Temperature RTV Silicone Gasket
Maker and Sealant - Red - 3 oz.
Nxtop 2Pcs Large Aluminum
Heatsink
Creality 3D Printer NTC
Thermistor Temp Sensor 100K
MENZO 12v 30a Dc Universal
Regulated Switching Power
Supply 360w

1

Panther Marine TM-MG1
Replacement Servo 12V

1

Total expenses:
budget:
remaining balance in sponsor
account:

1
1
1

Transaction amount
$27.90

$45.90
$7.80
$16.00
$32.97
$51.46
$6.49
$10.59
$13.99
$20.98
$33.00

$964.58
$2,530
$1,565.42

6.2 Ducting
The manufacturing of the ducting itself proceeds as follows:
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Step 1: Waterjet 3 patterns from 20”x 30G aluminum

Figure 6.1: Waterjet duct pattern
Step 2: With a drill press, drill a 0.125’’ hole at all pilot holes created by the waterjet.
Step 3: Roll the relevant pattern to a radius of 2.5” or until it fits with the geometry of the curved pattern.
Step 4: Fold major lines with a metal break. Because of to the thin gauge and material, the less important
lines can be folded using handheld devices.
Step 5: Once ducting is folded, assemble the three patterns together using 1/8” rivets. The locations for
these rivets are specified on the pattern with pilot holes.
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Figure 6.2: Assembly of folded ducts

6.3 Heaters
Before the ducting is attached to the inner housing, the cooling assemblies, heating assemblies, fan
mechanism, and switching mechanism must be constructed to place within the ducts. The heating
assembly is constructed with the following process:
Step 1: Place the strip heaters on the back of the heat sink to mark the locations of the strip heater
fastening holes on the back of the heat sinks.
Step 2: Apply thermal epoxy to the back of the heater. Not much is needed, about a pea sized amount will
spread once the heater is fastened to the heat sink.
Step 3: Place the heaters on the back of the heat sink. Clamp the heaters down while the epoxy cures.
Step 4: Place the strip heaters and heat sinks in the ducts and fasten with 8-32 screws. Note that heat sink
and the duct wall should sandwich the strip heaters.

6.4 Peltier Assemblies
The cooling assembly is constructed with the following process:
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Step 1: Apply thermal epoxy to the copper piece on the bottom of the water block. Not much is needed,
about a pea sized amount will spread once the Peltier is fastened to the surface.
Step 2: Place the water block bracket onto the water block and insert this assembly into the holes on the
cooling side of the ducts.
Step 3: Place the Peltier on water block on the interior side of the ducts. Route the wires through their
designated holes and clamp the Peltier down while the epoxy sets.
Step 4: Once the epoxy has set, follow a similar process using thermal epoxy on the other side to affix the
heat sink to the Peltier device. Clamp the assembly while the epoxy sets.

Figure 6.3: Curing Peltier assembly
Step 5: The cooling system can now be installed by installing the ducts and securing the bracket to the
inner housing with M5 bolts.
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Figure 6.4: Peltier components attached to ducting system

6.5 Fan Assembly
The fan mechanism is constructed with the following process:

Step 1: Turn a sleeve that has a clearance fit with the impeller and interference fit with the motor shaft.
Step 2: Press fit the 3/16’’ to 1/4’’ sleeve onto the shaft of the motor.
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Figure 6.5: Motor with press fit shaft
Step 3: Attach the motor to the outside of the ducting with the shaft inserted through the hole in the center
of the circular region. Use 1-16 screws through the pilot holes in the ducting.
Step 4: Slide the blower over the bushing such that the open end of the blower faces the same direction as
the open end of the ducting and tighten the set screw.

6.6 Air Flow Switch
The switching mechanism is constructed with the following process:

Step 1: With plasma cutter, cut the rectangular pattern from scrap steel. This piece is the path splitter.
Step 2: Cut 3/16'’ diameter steel shaft to a length of 5’’ with circular saw.
Step 3: Weld shaft to the path splitter along one of the shorter ends of the path splitter. Make sure the
edge of the path splitter is ½'’ away from the edge of the shaft. We received help from a shop tech that
has experience welding once we had the parts fixtured.
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Figure 6.6: Shaft welded to splitter

Step 4: Insert shaft through the back hole in the ducting such that the path splitter is inside the ducts.
Step 5: 3D print an adaptor that will connect to the servo and accepts the path splitter shaft.

Figure 6.7: Splitter inserted into servo motor

Step 5: Secure servo to the path splitter using set screw.
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6.7 Overall Assembly
Once these are all constructed, the whole chamber can be assembled with the following process:

Step 1: Place the heater assembly inside the ducts such that the two back screws protrude through the two
set holes.
Step 2: Attach to housing with 8-32 screws and related lock washers. The holes are piloted by the waterjet
on both the ducting and the housing.
Step 3: Insert Peltier assemblies such that the Peltier fins enter the ducts. Use the longer 8-32 screws and
3 related lock washers to attach to the housing. The holes are not on the ducting pattern, so they will need
to be made by center punching and drilling holes at the proper position.
Step 4: Insert the inner chamber, now with ducting, into the outer chamber. Make sure the shaft for the
switching mechanism goes through the designated hole in the outer chamber. Also, direct the wires for the
motor, heater, and cooler, through its designated hole in the outer chamber.
Step 5: Connect the servo to the shaft through the servo/shaft connector piece and screw the servo into the
exterior chamber with the 8-32 screws.

6.8 Controller and Wiring
The controller circuit board is constructed in the following steps:
Step 1: create solder traces on the bottom of a development board.

Figure 6.8: Board with solder traces on bottom
Step 2: Solder jumpers to the top side of the board.
Step 3: Insert the ESP32 to the header blocks and solder the headers to the dev board.
Step 4: Solder all passive elements on to the board (resistors).
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Step 5: Solder active components to the board (mosfets)

Figure 6.9: Board with added Mosfets

Step 6: Solder 14g power cables to the large pads on the bottom of the board nearest the Peltier block.
Step 7: Plug the board in to the power supply with the ESP32 removed and verify with a multi meter that
the vin pin reads 12v with respect to the ground header pin.
Step 8: insert the ESP32 into the headers, run the test code, and verify with a multimeter that all outputs
are displaying the correct signals.

Figure 6.10: Board with ESP32 microcontroller inserted

After the board is created, the components may be wired.
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Step 1: Cut 3 8-foot lengths of each red and black 18g wire and crimp male barrel connectors on one end
of each wire.
Step 2: Crimp female barrel connector to the leads of the peltiers.
Step 3: Cut 2 8-foot lengths of each red and black 14g wire and crimp screw terminal connectors to one
end of each wire.
Step 4: for one set of wires crimp female spade connectors. Crimp screw terminal connectors to the other
set. The spade set will be used for the fan, and the screw set will be used for the heating elements.
Step 5: Create a set of small lengths of wire with screw terminals on either end used to connect the
heating elements in parallel.
Step 6: Solder the positive leads for the radiator fans and the cooling pump together.
Step 7: Solder the negative leads for the radiator and the cooling pump together.
Step 8: Cut an 8-foot length of each red and black 20g wire and connect to the fan/pump positive and
negative terminals with a joining crimp connector.
Step 9: Cut 2 3-foot lengths of each red and black 20g wire and crimp screw terminal connectors to one
end.
Step 10: Connect the wires made in the pervious step to the relay ports and connect the gate side of the
relay to the appropriate wire.
Step 11: Connect power supply to the control board and insert all actuator leads to the appropriate ports.
Step 12: Run test code to verify actuator performance.

Figure 6.11: Layout of electrical system
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After the layout is set up, the housing is modified to fit wires and shafts.

Step 1: Drill a 1.5 in diameter hole in the side of the housing. To accomplish this, drill a smaller hole and
gradually step up until the 1.5 in hole is attained.
Step 2: Drill a 2 in diameter hole in the back of the housing. To accomplish this, drill a smaller hole and
gradually step up until the 2 in hole is attained.
Step 3: Drill a 5-16 in diameter hole in the back of the housing.
Step 4: Fasten the placement plate into the housing with 1-16 screws.
Step 5: Run all wires to the chamber through the 2” hole.
Step 6: Run all wires from the outlet through the 1.5” hole.

We will need to collaborate further with the structures team to precisely identify how to attach the
electronics housing to the exterior of the chamber. Currently, we plan to use adhesives. However, we
would prefer to use fasteners if such is possible.

6.9 Coolant System
The assembly of the coolant system is as follows:
Step 1: Mount Radiator to top of outer chamber

Figure 6.12: Radiator Mounted on Chamber
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Step 2: Mount Pump and reservoir to back of outer chamber
Step 3: Cut the tubing to the appropriate lengths. See later steps to identify what items are connected.
Step 4: Connect the Peltier blocks in series using tubing and brass fittings.
Step 5: Connect the Peltier block to the pump outlet using tubing and brass fittings.
Step 6: Use tubing to connect the radiator to the top of the reservoir.
Step 7: Use tubing to connect the bottom of the reservoir to the pump inlet.
Step 8: Fill reservoir with coolant.
Step 10: Mount reservoir to top of outer chamber using the brackets that come with the product.

The layout of the cooling elements is as below:

Figure 6.13: Pump and Coolant Reservoir Mounted on Chamber

6.10 Challenges
Unfortunately, we were not certain about the dimensions of the Peltier brackets until after the watercooling set arrived. This was long after we designed the ducts. Therefore, we did not incorporate
compatible holes for the ducts into the design, forcing us to centerpunch and drill the holes manually.
Additionally, we insufficiently accounted for the radius of curvature of our bends of the duct sheet metal.
Therefore, we encountered multiple ducting misalignments.
The electronics was the greatest source of difficulty. Our primary issue was the amount of current that the
Peltiers drew. This current was too great for the MOSFET that we planned to use, thus forcing us to
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attach multiple MOSFET, 1 switching each of the 3 Peltiers. However, due to our failure to consider the
result of the current draw of the Peltiers, we were only able to attach two of our three Peltiers, as the
power supply we selected would not support the three Peltiers involved in the design. Another mistake we
made in manufacturing was our use of the 12 V power supply to give power to our ESP32. This mistake
caused us to destroy some of our personal computers. Despite fixing this problem, we changed the design
to avoid requiring a computer to be electronically attached to the ESP32 while the power supply is active.
The last source of major difficulty that we encountered was the webpage that we had intended on using.
We could not find a way for the ESP32 to host the webpage without blocking the controller code. For this
reason, we used one ESP32 for the webpage and another ESP32 for the controller, attaching both through
serial pins.

6.11 Recommendations for Future Production
In future production, the duct pattern should be redesigned to reflect the Peltier brackets. Further, the duct
pattern should account for the correct radius of bends in the design of the duct pattern. To allow all the
Peltiers to be in use, a power supply with a current output that is high enough to support the Peltiers
should be collected. Because of the difficulties with the ESP32s that we encountered, the current user
interface is unintuitive and tedious. Therefore, effort should be put into finding optimal methods for
sending the run file from the ESP32 to the computer. These methods may include sending the files
through the website, sending the file over Bluetooth, or using a serial protector to safely send the file over
a USB cable.

7 Design Verification
To ensure the functionality of our final prototype, each of the subsystems was tested individually. These
results were used to aid in our final controller development. The subsystems tested were the fan system,
the heating system, and the cooling system. An overview of this testing is provided in Appendix 19.

7.1 Airflow Test
To verify that our fan was able to provide the necessary airflow to the chamber, we measured the airflow
at the outlet of the heating side of the chamber using an anemometer. For this, the servo connected to the
flapper was set to heating mode to appropriately direct the airflow. The setup is depicted in figure 7.1.
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Figure 7.1: Airflow Test Setup
For this test, our desired airflow was 0.015 m3/s. Using the test setup shown above, the actual airflow was
determined to be 0.000686 m3/s. These results demonstrate that there may be future issues with the
heating and cooling functions of the environmental chamber.

7.2 Thermistor Calibration
To continue with the proceeding tests, we needed to calibrate the thermistors within the chamber. To do
so, we elevated the chamber temperature, then allowed the temperature to return to equilibrium with the
environment. We then measured this temperature using both our thermistor and a thermocouple. The test
setup is depicted below in figure 7.2, with the results shown in figure 7.3.
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Figure 7.2: Thermistor Calibration Test Setup

Figure 7.3: Thermistor Calibration Results
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Despite having added additional length to the thermistors, the calibration curve provided by the
manufacturer proved to be successful. By the work in appendix 20, the thermistors proved to have an
uncertainty of 1.9 C. This is large when compared with the range of temperatures that the chamber can
reach. Fortunately, a properly functioning Kalman filter would be capable of reducing this noise in
practice.

7.3 Heating Test
To identify whether the heating rates and maximum temperatures reached our design criteria, we inputted
the maximum pulse width modulation into the heating elements, allowing the elements to run at full
power. The setup for this test follows the setup shown in figure 7.2. The result of this was as in figure 7.4
below.

Figure 7.4: Inner Chamber Temperature Heating Test Results
This is clearly far below both our desired heating rate and our desired maximum temperature. Our desired
maximum temperature of 210oC was far higher than our actual maximum of 41oC. The degree to which
the results fell below the criteria came as a surprise to us, as the result of our airflow test did not imply
such a failure. However, when considering the profile of the temperature of the heating element as well as
the chamber as in figure 7.5, the shortcoming of our analysis becomes clear.
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Figure 7.5: Comparison of Heating Element Temperature to Inner Chamber Temperature
In our analysis, we assumed that the heating element would be capable of quickly reaching its maximum
temperature when given maximum voltage. However, the convection of heat off the heater and into the
chamber clearly prevents the heater from reaching this maximum temperature.

7.4 Cooling Test
Next, we tested the ability for our Peltier to cool the chamber. Unfortunately, we quickly found that
despite the efforts of the cooling elements, the temperature rose above room temperature. The results of
this test are provided in figure 7.6.
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Figure 7.6: Cooling Test Results
This is best explained by the heat generated by the motor powering our fan, as we found this heat
generation to be nontrivial. In our test described in section 7.2, we found that with only the fan running,
the chamber reached a steady-state temperature above 30oC. Similarly, when we ran the cooling elements,
the steady-state temperature was 31oC, much higher than our desired minimum temperature of 0oC.

7.5 Model Development
Since our controller design involved a model of the system, we needed to use the data we received to
construct this model. To do this, we considered the system when cooling down and identified the state
equations that resulted in solutions that best fit the empirical data. This process is completed in appendix
21, and the results are in the figures below.
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Figure 7.7: Inner chamber model prediction vs. run.

Figure 7.8: Model prediction vs. Run.
To verify the model, we applied it to our heating step input run. Unfortunately, the model did not
perfectly describe the behavior.
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Figure 7.9: Inner chamber step response model vs. run

Figure 7.10: Step response model vs. run
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7.6 Controller Test
When testing the controller, the chamber failed to heat up at all. This was caused by an error in the code
for the controller. Unfortunately, we did not have enough time to finish troubleshooting the controller
before our allotted time in the composites lab expired, and there was no set of before the project
completion that more time could be arranged.
Nonetheless, we have good reason to believe that the controller would not perform well. When the
simulation model of the system was equivalent to the model used by the Kalman filter, the controller
behaved perfectly. However, noting that the model for the system does not perfectly describe the behavior
of the system, we ran a simulation using a model that differed slightly from that of the Kalman filter. The
result is figured bellow.

Figure 7.11: Controller Model Results
At steady state, the controller is fed the output of the Kalman filter, which is equivalent to the desired
temperature. However, due to the disconnect between the Kalman filter model and the system model, the
system itself is underneath the Kalman filter model. Therefore, the controller remains ‘content’ despite its
failure.

8 Project Management
Unfortunately, the success of our project fell short largely in part to our project management. We fell behind
on a lot of our dates that were crucial to the project timeline and did not account for a large task which was
to integrate the structures side of the project with the inner chamber and the ducts. This resulted in us not
having a lot of time left to conduct intermediate tests as well as accommodate for all the inevitable hiccups
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we encountered along the way. As a result of the lack of earlier testing, we did not realize that our
components would not be sufficient for hitting our goals until they were fully integrated into the system.
If we were to do it again, we would have allotted more time for the manufacturing phase of the project as
well as allocating time towards the integration of the inner and outer chambers. By the end of the project,
we had a chamber that did not meet our goals, but we did not have time to conduct the tests that might tell
us why the chamber did not work well. An accelerated timeline would have been very beneficial but was
largely not possible due to the project scope as well as not everyone on our team being on campus very
frequently due to COVID-19 related situations.
Table 8.1: Key Deliverables

Date
03/11/21
04/27/21
05/27/21
05/28/21

Deliverable
Manufacturing Test Review
Verification Prototype
Final Design Review Report
Senior Project Expo

9 Conclusion and Recommendations
There were many lessons learned throughout the duration of the project. While the results we obtained
through testing the machine were not what we were hoping for, we believe that given more time, we
would be able to troubleshoot these issues and obtain a more desirable performance out of what we
created. We have several ideas as to why the machine did not perform as intended. Overall, it was an
experience that enhanced our professional development and we all obtained skills in some capacity that
would translate well to an industrial setting.

9.1 Shortcomings
As seen in the design verification portion of our FDR, the heating mode of the chamber only allowed the
temperature of the chamber to reach 41 degrees Celsius. Our chamber did not achieve the original goal of
210 degrees Celsius. We believe there were several factors which contributed to our less than desired
performance. When we conducted our analysis, we assumed that our heaters would be at the maximum
rated temperature that they are listed for. Given our data, we suspect that the actual temperature of these
heaters was not this hot. We found that the maximum temperature of our heating strips was closer to 120
degrees Celsius. Further, we overestimated the insulative abilities of our chamber. While the chamber is
in use, the exterior is noticeably hot where the heaters are installed. This loss of heat contributes to the
inefficiency of our chambers ability to heat the sample.
The cooling elements completely failed to cool the chamber. This failure allowed the temperature to rise
in response to the heat generated by the fan motor. Despite our attempts, we could not identify definite
sources of this failure. One potential failure may have been mechanical. While assembling the inner
chamber, we noticed a tendency for the wires to break off the Peltier devices. It is possible that this
damage occurred to some or all the Peltiers involved. However, without more time to troubleshoot, we
cannot verify this speculation.

9.2 Next Steps
Because the chamber fell dramatically below the requirements we set for it, it will need some significant
alterations before it can become a useful device for laboratory work. Our verification prototype could be
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used as a concept prototype for an additional senior project in which our findings could be used to
develop another chamber which could be of better use for laboratory experiments and coursework.
To bring the heating side of the system up to requirements, a significant upgrade in the heating elements
would be required. To improve the output, an off the shelf solution could be implemented with few
changes to the ducts. Finned tubular heating elements that include a heat sink to transfer energy from the
element to the air are an example. These are available in many configurations such as straight, U or M.
These elements run on 120VAC and are available with power output rates up to 3000W. One such
element is McMaster 7085N42. The same control architecture could be used to drive this element, but
minor modifications would be necessary to the geometry of the ducts. An entire redesign would be
necessary to house any element greater than 1000W. With the improvement of the heating elements, the
chamber could be made into a useful laboratory tool.
The best course of action to improve the cooling system would be to troubleshoot the current verification
prototype. This troubleshooting would reveal whether the failure was a result of a correctable
manufacturing error or if the cooling system requires a complete redesign.
The controller code requires troubleshooting as well. Beyond this, any future development of the
controller should reject the Kalman filter in favor of a more traditional lowpass filter. The results of our
simulations indicate that Kalman filters should only be used when a precise model of the system can
realistically be attained. However, in the case of this environmental chamber, such a precise model is
infeasible.
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11 Appendices
A.1 Property Table for Various Airloy Products
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A.2 House of Quality
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A.3 Gantt Chart
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A.4 Functional Decomposition

66

A.5 Ideation Concepts

SUB FUNCTION
Power Heater

Homogenize Hot Temperature

Create Low Temperature

Homogenize Cold Temperature
Reject Waste Heat

Obtain Internal Temperature

IDEA
ceramic heating
fire
conventional joule heating
thermoelectric (diode) heating
induction heating
natural gas furnace
microwave
thermal blanket
radiation heating pads
forced convection (fans)
natural convection
numerous small fans
natural convection off water tubes distributed across box
fanned convection off of water tubes
one large fan circulating box
one large fan with water tubes distributed across box
heat sink and fins with fan
pump water to fan
liquid N2
Peltiers
refrigeration cycle
liquid nitrogen and Peltiers
ice
refrigeration cycle and Peltiers
**same methods as homogenize hot temperature
separated mechanism from hot temperature
integrated with hot temperature methods
store heat for later
pump water to fan
circulate liquid nitrogen across hot side
pump water to fan outside glass cage
heat sink and fins with fan
thermocouple gradient
heat flux sensor
heat flux sensor and integration/gain to deduce temperature
thermocouple right next to material sample
average multiple thermocouple readings at separate locations
moving thermocouple
use material deflection to deduce temperature
mercury thermometer
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SUB FUNCTION
Obtain Internal Heat Rate
Obtain Internal Homogeneity

Minimize Stray Heat Loss

Control Methods

UI - Hardware

UI - Software
Communicate State of Interior
Protect Circuit Board (physical)

Protect Circuit Board (thermal)

IDEA
same measurement as temperature
take derivative of temperature
put gain on heat flux
four corner temperature sensors and compute std deviation
line of temperature sensors and compute std deviation
look for circulation in contained fluid (use dye)
use pitot tubes to check for circulation
take time derivative of temp and assume zero means homogenous
Aerogel behind fiberglass
Aerogel in fiberglass
all fiberglass
vacuum
thick air layer
Aerogel/fiberglass and rubber
inflated bladders between layers
analog control method
digital microcontroller
bi-directional Peltier circuit
physical switches
touchpad/LCD
touchscreen
mobile app connected to WiFi
local computer connection to WiFi
Local computer connection by cable
type in input
rotary dial
linear dial
plot temperature with respect to time
light turns on when temperature is reached
output current internal temperature every set period
put suspension on chamber
put inside foam container
hold at end of long cantilever
have tight constraints
dampeners on mountings
superconductor magnetic suspension
extra insulation behind controller
computer cooling system put on controller
both extra insulation and computer cooling
keep circuit board far away from container
combine with interior environment control
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A.6 Pugh Matrices
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A.7 Morphological Matrices
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A.8 Weighted Decision Matrix

73

A.9 Drawings of selected design
A.9.1 Isometric of duct system
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A.9.2 Isometric of chamber internals
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A.9.3 Top view of control system
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A.10 Design Hazard Checklist
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A.11 Detailed Calculations
A.11.1 Convection Heating and Cooling
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A.11.2 Liquid Nitrogen Cooling
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A.11.3 Radiation Heating

82

83
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Material Properties
p_s = 1600; % density kg/m^3
Cp_s = 1160; % specific heat kj/kg*K
alpha_s = 0.88; % absorbtivity
epsilon = 1; % emissivity
L = 0.25; % length m
W = 0.025; % width m
th = 0.0025; % thickness m
Qrad_h = 270;
k_c = 60.5; % thermal conductivity of carbon steel clamps W/m*K
L_c = 0.6; % Thermal length of the clamp estimated as a bar m
L_t = 0.056; % tab length m

Air Properties
Tf = 350; % film temperature K
p_a = 0.995; % density kg/m^3
Cp_a = 1.009; % specific heat kj/kg*K
v = 20.92*10^-6; % kinnematic viscosity m^2/s
k_a = 30*10^-3; % thermal condctivity W/m*K
alpha_a = 29.9*10^-6; % thermal diffusivity m^2/s
Pr = 0.7; % prandlt number dimensionless

General Constants
sigma = 5.67*10^-8; % stefan boltzman constant
RT = 25; % room temp C
Ts = 210; % goal temp C
ramp_goal = 50; %goal ramp rate C/min
g = 9.81; %m/s^2
t_step = 0.1;
t_end = 250;
Q_step = 0.001;
SF = 1.5; % safety factor of 1.5 is assumed

Geometry
V = L*W*th; % volume m^3
SA_s = 2*L*W + 2*L*th; % total thermal surface area m^2
SA_h = 2*L*W + L*th; % total heated surace area m^2
SA_c = W*L_t; % total clamped surarface area m^2
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Convection Coefficient Calculation
betta = 1/Tf;
Ral = (g*betta*(Ts-RT)*L^3)/(v*alpha_a);
NuL(1) = 0.59*Ral^(1/4);
NuL(2) = (0.825 + (0.387*(Ral^(1/6)))/((1+(0.492/Pr)^(9/16))^(8/27)))^2;
NuL(3) = 0.68 + (0.670*(Ral^(1/4)))/((1+(0.492/Pr)^(9/16))^(4/9));
hc = zeros(length(NuL),1);
for n = 1:length(NuL)
hc(n) = NuL(n)*k_a/L;
end
h_c = max(hc);
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Finite Difference Method
t = 0:t_step:t_end;
T = zeros(1,length(t));
T(1) = RT;
% individual heat balance components
Qrad_i = alpha_s*sigma*SA_s*(RT+273.15)^4;
Qrad_o = zeros(1,length(t));
Qconv = Qrad_o;
Qcond = Qrad_o;
pcv = p_s*Cp_s*V;
% this while loop iterates through values for input heat energy until the
% desired steady state temperature and ramp rate is achieved.
iterate = 1;
while iterate == 1
% this for loop uses the finte differnce method to measure the
% transient response of the system.
for n = 1:length(t)-1
Qrad_o(n) = epsilon*sigma*SA_s*(T(n)+273.15)^4;
Qconv(n) = h_c*SA_s*(T(n)-RT);
Qcond(n) = 4*SA_c*((((k_c/L_c)^(-1))+1900^(-1))^(-1))*(T(n)-RT);
T(n+1) = (Qrad_h + Qrad_i - Qrad_o(n) - Qconv(n) - Qcond(n))...
*t_step/(p_s*Cp_s*V) + T(n);
end
ramp = zeros(1,length(T)-1);
% this for loop record the ramp rate for each time step
for n = 1:length(T)-1
ramp(n) = ((T(n+1) - T(n))/t_step)*60;
end
% this while loop checks if the temperature meets desired conditions
% and marks the index when temp first hits the goal
i=1;
while T(i) < Ts
i = i+1;
end
% this if statement checks if the steady state temperature and ramp
% rate meet desired conditions. If they do not, heat input is
% increased, if they do, the while loop stops.
if ((T(length(T)) >= Ts*SF) && (ramp(i)>= ramp_goal))
iterate = 0;
else
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Qrad_h = Qrad_h + Q_step;
end

end
% console outputs
energy_input_to_sample = Qrad_h
min_ramp_rate = min(ramp(1:i))
max_temp = T(length(T))
time_to_reach_goal = t(i)

Plots
figure(1)
plot(t,T)
title('Sample Temperature vs Time')
xlabel('Time (s)')
ylabel('Temperature (^{o}C)')
axis([0,t_end,0,T(length(t))+60])
saveas(figure(1),'tempplot.png')
figure(2)
plot(T(1:(length(T)-1)),ramp)
title('Ramp Rate vs Sample Temperature')
xlabel('Temperature (^{o}C)')
ylabel('Ramp Rate (^{o}C/min)')
axis([0,t_end-1,0,max(ramp)+20])
saveas(figure(2),'ramprateplot.png')

Published with MATLAB® R2020b
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A.11.4 Convection Calculations
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A.12 Circuit Diagram

ENVIRO CHAMBER
T. Hamilton & A. Mohamed
T. Hamilton, A. Mohamed
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A.13 Failure Modes and Effects Analysis (FMEA)
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A.14 Indented Bill of Materials (iBOM)
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A.15 Design Verification Plan (& Report) (DVPR)
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.
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A.16 Purchase List
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A.17 Drawing Package
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A.18: Operator’s Manual

Tensile Environmental Chamber
Operator’s Manual
Written by Mitchell Carroll, Trent Hamilton, Jack Molitor, and Cameron Ngai
May 2021

Required materials
1.
2.
3.
4.

Environmental chamber with control box.
User manual for F-42 which details the setup and mounting of the machine on an LD-50 tensile test fixture.
A computer with WIFI connectivity, ability to read a CSV, and ampy.
Access to a 110VAC outlet.

Setup

1.
2.
3.
4.

Follow the steps outlined in user manual from F-42 to mount the chamber to the LD-50.
Ensure that the chamber is empty and that the door is closed and latched
Plug the control box power cord into a 110VAC outlet
From a WIFI capable computer, connect open a browser and enter the following address
192.168.4.1

5. Open the chamber door and load a specimen to the LD-50 as normal.
6. Close and latch the chamber door.
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Data Collection

1.
2.
3.
4.

From the user interface on the PC, input setpoint temperature and select “run”
You should see the element temperature and internal chamber temperature change in real time.
Once the desired temperature has been reached, run the LD-50 cycle as normal.
Once the test is complete, unplug the chamber. This is important, as attempting to connect a computer to the cable while
the chamber is plugged in could result in damage to the computer.
5. Download the file using
ampy --port <PORT> get run1.csv file_location
If there is more data from multiple runs, these will be on the ESP32 under the name
run.

run(n).csv where n is the number of the

6. Allow the chamber to return to within 10 C or room temperature before putting on heat resistant gloves, opening the door,
and retrieving the sample.

Maintenance

Drain Coolant:

1. Place a basin under the reservoir.
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2. Unscrew cap of drain valve to allow the fluid to drain.
3. Unscrew cap from the top of the reservoir to allow air to enter the system as coolant drains.
4. If a coolant change is necessary, flush out the system using distilled water.

Fill Coolant:

1. Add coolant from the fill port in the top of the reservoir.
2. Run system adding coolant until it runs through the entire system.
3. Ensure the pump is not running for an extended period without liquid running through the entire system.

Access Interior Chamber

1.
2.
3.
4.
5.

Drain coolant. See the above task for details.
Remove servo motor on the back panel using the set screw on the attachment between the servo and the shaft.
Unscrew and detach the back panel. The sealant should remove as the back panel is detached.
Remove insulation to access the interior chamber.
Remove interior chamber through back panel.

Reinsert Interior Chamber

1.
2.
3.
4.
5.

Insert interior chamber into the outer chamber.
Insert insulation above and below the ducts.
Screw the back panel back onto the outer chamber.
Attach servo to shaft using the setscrew on the connector.
Seal the back panel using JB weld.
110

6. Fill Coolant. See the above task for details.

Replacement Parts

Blower Motor:

Part Name: DG31-00005A Convection Fan Motor Replacement Part Compatible with Samsung Range Oven AP4338602,PS4240735

Distributor: Amazon

Link: https://www.amazon.com/DG31-00005A-Convection-Replacement-CompatibleAP4338602/dp/B089KMRCL7/ref=sr_1_5?dchild=1&keywords=convection+oven+fan+motor&qid=1611196449&sr=8-5

Heater:

Part Name: Mica Insulated Strip Heater, 900°F, 120V AC, Watts 100 W, 23W/sq in, Overall Length 6 in

Distributor: Grainger
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Link: https://www.grainger.com/product/TEMPCO-Mica-Insulated-Strip-Heater-2PCD9

Peltier:

Part Name: Laird Thermal Systems 66100-501

Distributor: Mouser

Link: http://mouser.com/ProductDetail/Laird-Thermal-Systems/66100-501/?qs=sRTx%2FtA2SD82odOMd%2FruYA%3D%3D

Coolant Pump:

Part Name: Laing DDC-Pump 12V DDC-1T Plus (6500043)

Distributor: Modmymods

Link: https://modmymods.com/laing-ddc-pump-12v-ddc-1t-plus-6500043.html

Coolant Fans:
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Part Name: Be Quiet! Pure Wings 2 Fan, 120mm

Distributor: Titan Rig

Link: https://www.titanrig.com/custom-pc-cooling/pc-case-fans/120mm-pc-case-fans/be-quiet-pure-wings-2-fan-120mm-03-10-bq-

0119-01-on.html
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A.19 Test Procedures
Test #1: Maximum Heating Rate Capability
Purpose: Verify heater performance, determine maximum temperature and heating rate capability inside chamber.
Scope: This test serves as a baseline to determine the maximum capabilities of the chamber. This test will validate the 210 degrees
Celsius and 15 degrees Celsius per minute design goals.
Equipment: chamber validation prototype, data acquisition equipment,
Hazards: High heat, electrical hazards, high voltage
PPE Requirements: Thermal protective gloves when handling the chamber. Safety glasses.
Facility: Composites Lab
Procedure: (List number steps of how to run the test, can include sketches and/or pictures):
1) Attach chamber to Tensile tester using rail system.
1) Attach electronics by plugging in the outlet power to the power supply, the heater, and the fan.
2) Connect to ESP32 over WIFI.
3) Run Step response program.
4) Download csv data file.
5) Review data in csv file to ensure correctness before ending test.
6) Wait until chamber temperature is back to room temperature before repeat or disassembly.

114

Results:
File Name
run1.csv
run22.csv
run23.csv

Location
F3- Tensile Enviro-Chamber-2\OneNote &
Weekly Work\FDR\Test Files\run1.csv
F3- Tensile Enviro-Chamber-2\OneNote &
Weekly Work\FDR\Test Files\run22.csv
F3- Tensile Enviro-Chamber-2\OneNote &
Weekly Work\FDR\Test Files\run23.csv
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Test #2: Minimum Temperature Test:

Purpose: Verify Peltier performance, determine minimum temperature inside chamber.

Location: Cal Poly Engineering IV Building

Equipment: Functioning prototype is all that is required for this test.

Level of prototype: We will need a functioning prototype besides the outer structure when we run this test.

Safety procedures: Analog thermometer will offer a sanity check for the actual temperature within the chamber.

PPE required: Thermal protective gloves when handling the chamber. Safety glasses.

Steps:
1) Attach chamber onto the tensile tester using rail system.
2) Attach electronics by plugging in the outlet power to the power supply, the Peltiers, and the fan.
3) Connect to ESP32 over WIFI.
4) Run Step response program.
5) Download csv data file.
6) Wait until chamber temperature is back to room temperature before repeat or disassembly.
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Results:
File Name
run1c.csv

Location
F3- Tensile Enviro-Chamber-2\OneNote &
Weekly Work\FDR\Test Files\run1c.csv

Note: The temperature rose during this test, meaning that the cooling failed.
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Test #3: Temperature Stability Test:

Purpose: Test the ability of the device to maintain a steady state temperature once the desired temperature has been achieved.

Location: Cal Poly Engineering IV Building

Equipment: Functioning prototype is all that is required for this test.

Level of prototype: We will need a functioning prototype besides the outer structure when we run this test.

Safety procedures: Analog thermometer will offer a sanity check for the actual temperature within the chamber.

PPE required: Thermal protective gloves when handling the chamber. Safety glasses.

Steps:
1.
2.
3.
4.
5.
6.
7.

Attach chamber to Tensile tester using rail system.
Attach electronics by plugging in the outlet power to the power supply, the heater, and the fan.
Beginning at room temperature, start collecting data at a rate of one point per second.
Set the machine to the desired temperature.
Once it has achieved its peak, allow the machine to continue running for sixty seconds.
Download csv data file.
After the sixty seconds shut the machine off and observe the internal temperature fall to ensure power is not still being
supplied.
8. Analyze the data by determining the average steady state temperature and finding the range of temperatures the machine sees
while in steady state mode.
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Results:
File Name
run3.csv
run23.csv

Location
F3- Tensile Enviro-Chamber-2\OneNote &
Weekly Work\FDR\Test Files\run3.csv
F3- Tensile Enviro-Chamber-2\OneNote &
Weekly Work\FDR\Test Files\run23.csv
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Test #4: Maximum Heating Rate:

Purpose: Verify heater performance, determine heating rate capability inside chamber.

Location: Cal Poly Engineering IV Building

Equipment: Functioning prototype is all that is required for this test.

Level of prototype: We will need a functioning prototype besides the outer structure when we run this test.

Safety procedures: Analog thermometer will offer a sanity check for the actual temperature within the chamber.

PPE required: Thermal protective gloves when handling the chamber. Safety glasses.

Steps:
1) Attach chamber onto the tensile tester using rail system.
2) Attach electronics by plugging in the outlet power to the power supply, the Peltiers, and the fan.
3) Connect to ESP32 over WIFI.
4) Run Step response program.
5) Download csv data file.
6) Wait until chamber temperature is back to room temperature before repeat or disassembly.
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Results:
File Name
run1.csv
run22.csv
run23.csv

Location
F3- Tensile Enviro-Chamber-2\OneNote &
Weekly Work\FDR\Test Files\run1.csv
F3- Tensile Enviro-Chamber-2\OneNote &
Weekly Work\FDR\Test Files\run22.csv
F3- Tensile Enviro-Chamber-2\OneNote &
Weekly Work\FDR\Test Files\run23.csv
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Test #5: Heating Rate Accuracy
Purpose: Verify controller performance, determine heating rate accuracy.

Location: Cal Poly Engineering IV Building

Equipment: Functioning prototype is all that is required for this test.

Level of prototype: We will need a functioning prototype besides the outer structure when we run this test.

Safety procedures: Analog thermometer will offer a sanity check for the actual temperature within the chamber.

PPE required: Thermal protective gloves when handling the chamber. Safety glasses.

Steps:
1) Attach chamber onto the tensile tester using rail system.
2) Attach electronics by plugging in the outlet power to the power supply.
3) Connect to ESP32 over WIFI.
4) Add thermocouple with DAQ to the inside of the chamber
5) Run Heating ramp program
6) Download csv data file.
7) Corroborate chamber output temperature with thermocouple data
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8) Wait until chamber temperature is back to room temperature before repeat or disassembly.
Results:
File Name
N/A

Location
N/A

Notes: We did not have time to incorporate a user defined heating rate, so this test could not be performed.
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Test #6: Maximum Cooling Rate:

Purpose: Verify Peltier performance, determine cooling rate capability inside chamber.

Location: Cal Poly Engineering IV Building

Equipment: Functioning prototype is all that is required for this test.

Level of prototype: We will need a functioning prototype besides the outer structure when we run this test.

Safety procedures: Analog thermometer will offer a sanity check for the actual temperature within the chamber.

PPE required: Thermal protective gloves when handling the chamber. Safety glasses.

Steps:
1) Attach chamber onto the tensile tester using rail system.
2) Attach electronics by plugging in the outlet power to the power supply, the Peltiers, and the fan.
3) Connect to ESP32 over WIFI.
4) Run Step response program.
5) Download csv data file.
6) Wait until chamber temperature is back to room temperature before repeat or disassembly.
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Results:
File Name
N/A

Location
N/A
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Test #7: Cooling Rate Accuracy
Purpose: Verify controller performance, determine tightest achievable cooling rate accuracy.

Location: Cal Poly Engineering IV Building

Equipment: Functioning prototype is all that is required for this test.

Level of prototype: We will need a functioning prototype besides the outer structure when we run this test.

Safety procedures: Analog thermometer will offer a sanity check for the actual temperature within the chamber.

PPE required: Thermal protective gloves when handling the chamber. Safety glasses.

Steps:
1) Attach chamber onto the tensile tester using rail system.
2) Attach electronics by plugging in the outlet power to the power supply.
3) Connect to ESP32 over WIFI.
4) Add thermocouple with DAQ to the inside of the chamber
5) Run cooling ramp program
6) Download csv data file.
7) Corroborate chamber output temperature with thermocouple data
8) Wait until chamber temperature is back to room temperature before repeat or disassembly.
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Results:
File Name
N/A

Location
N/A

Notes: The chamber failed to cool, so this test was not possible to perform
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Test #8: Steps Involved in Use Test
Purpose: Get user feedback on the steps involved in setup and operation of chamber
Scope: This test serves to verify that the setup and operation of our chamber does not include too many steps.
Equipment: Structural Prototype with functional controller, stopwatch
Hazards: Electrical hazard, high voltage, Temperature hazard
PPE Requirements: None
Facility: Composites Lab
Procedure:
1)

Verify that all connections on controller are secure and inform participants of electrical hazard near controller.

2)

Inform the participants of possible temperature hazard on chamber surfaces.

3)

Provide users with instructions outlining the setup of the chamber.

4)

Use a stopwatch to time users. Begin timing when users have began to setup the chamber. Have users setup the chamber by
following the instructions attached in appendix 18

5) Once the operations are complete, provide the participant with a survey for the steps in the setup
Results:
Steps Involved
N/A

Link to user responses
N/A

Test Date(s): N/A
Test Results: N/A
Performed By: Trent Hamilton
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Test #10: Ducting Flowrate Test
Purpose:
This is an early test which will verify whether the airflow is at the rate that we calculated to be necessary for the chamber to work.
Scope:
This is a test for the ducting system of the design.
Equipment:
This experiment will require the ducting prototype, a pitot static tube, and a vice to hold the prototype in place. In addition, a
microcontroller and relay are necessary for electronic connections.
Hazards:
The ducting prototype will not have a protective cage for the blower fan, so the sharpness of the blower fan could be hazardous if
touched.
The electrical equipment will not yet be finished, so there is a potential for high voltage wires to be present.
PPE Requirements:
None
Facility:
This test can be performed anywhere. However, the composites lab is advisable.
Procedure:
1) Connect electrical components. This involves connecting the motor to the relay, which is also connected to the microcontroller.
2) Use the microcontroller to set the relay past the threshold point (3 V)
3) Measure the airflow with a pitot static tube along the cross section of the ducts. Perform this measurement at the locations specified in
the data table in the results section.
4) Use the microcontroller to set the relay below the threshold point
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Results: Pass Criteria, Fail Criteria, Number of samples to test
To meet the requirements, the flow rate through the ducts must be 0.015 m3/s or greater. The flow rate will be calculated by applying
2D trapezoidal integration to the grid of velocity data collected. This test should be repeated at least once to verify results.
Test Date(s): 6/3/21

Test Results:
Any cartesian coordinate system such that the sample data points are contained within the ducts will be sufficient for this experiment.
X coordinate
(cm)
0.5
0.5
0.5
1.5
1.5
1.5
2.5
2.5
2.5

Ux
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
Flowrate (m3/s)
0.0096

Y coordinate
(cm)
2
4
8
2
4
8
2
4
8

Uy
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Velocity
(ft/s)
700
700
700
700
700
700
700
700
700

Uv
50
50
50
50
50
50
50
50
50

UQ
0.00067

Note: Dr. Westphal recommended that we use an anemometer instead of a pitot-static tube. He also noted that the measurement we
would take with the anemometer is too imprecise for the trapezoid integration to be meaningful. Therefore, we only took one
measurement in the center of the ducts and assumed that this measurement represented every point in space.
Performed By: Cameron Ngai
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Test #9: Intuitive Interface Test
Purpose: Get user feedback on interface
Scope: This test serves to verify that our user interface is easily understood by users and to make any necessary adjustments.
Equipment: Structural Prototype with functional controller
Hazards: Electrical hazard, high voltage
PPE Requirements: None
Facility: Composites Lab
Procedure: 1) Verify that all connections on controller are secure and inform participants of electrical hazard near controller.
2) Provide sample operations that the participants must perform. Instructions given to participants included in appendix 18:
a. Enter setpoint temperature and heating rate
b. Start the chamber to begin the trial
c. Stop the chamber
d. Save the data file
3) Once the operations are complete, provide the participant with a survey for user interface usability.
Results:
UI Score
N/A

Link to user responses
N/A

Test Date(s): N/A
Test Results: N/A
Performed By: Trent Hamilton
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A.20 Thermocouple analysis

132

133

A.21 Model Development

134

135
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A.22: User Interface Survey

Give each task a difficulty score.
1 (not difficult) - 5 (difficult)
Enter Setpoint Temperature ____________

Enter Heating Rate

____________

Start the Chamber

____________

Stop the Chamber

____________

Save the Data File

____________

Additional Comments:
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A.23. Setup Test Survey
Time

____________

Describe the steps taken to setup the chamber:

Additional Comments:
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